We have fabricated high-performance top-contact pentacene field-effect transistors using a nanometer-scale gate dielectric and parylene-C shadow masks. The high-capacitance gate dielectric, deposited by atomic layer deposition of aluminum oxide, resulted in a low operating voltage of 2.5 V. The flexible and conformal parylene-C shadow masks allowed fabrication of transistors with channel lengths of L = 5, 10, and 20 m. The field-effect mobility of the transistors was = 1.14 ͑Ϯ0.08͒ cm 2 / V s on average, and the I MAX / I MIN ratio was greater than 10 6 . © 2010 American Institute of Physics. ͓doi:10.1063/1.3336009͔
Organic electronics has attracted favorable attention in large-area applications including flexible circuits, 1,2 lightemitting diodes, 3 solar cells, 4 and sensors. 5 The field-effect mobility of several organic materials exceeds that of hydrogenated amorphous silicon, 6 and their low processing temperature makes them more attractive.
A nanometer-scale gate dielectric with high capacitance is required for making field-effect transistors ͑FETs͒ that can operate at low voltages suitable for portable electronic applications. Previously, a variety of methods were used to achieve high-capacitance gate dielectrics: oxidized aluminum, 7 solution-processed hafnium oxide, 8 polyvinyl alcohol, 9 and ion-gel dielectrics. 10 However, problems still remain such as the control of dielectric thickness and the existence of trap states. Atomic layer deposition ͑ALD͒ of aluminum oxide ͑AlO X ͒ is a good choice for organic FETs ͑OFETs͒ because the thickness of the deposited dielectric can be precisely controlled and defect-free dielectric films can be grown with optimized processing conditions. Previously, ALD of AlO X was used in pentacene OFETs, 11, 12 but those OFETs used thick dielectric films on the order of hundreds of nanometers, which resulted in high operating voltages of more than 10 V.
In the fabrication of OFETs, top-contact devices where source and drain electrodes are deposited on the organic semiconductor are preferred over bottom-contact devices. Bottom-contact devices generally have higher contact resistance, which reduces output current, due to poor growth of organic semiconductors on metal electrodes. 6 Although photolithography can be used to pattern metal electrodes on the organic semiconductor, 13 the top-contact devices are typically fabricated via evaporation through metal shadow masks to avoid degradation of the semiconductor layer. However, the metal shadow masks have several limitations, such as large feature sizes greater than 25 m, rigidness, and difficulty in alignment. Recently, flexible and transparent parylene-C shadow masks have been used for patterning of biomolecules on polystyrene, glass, and PDMS substrates. 14 Due to their good adhesion on a variety of surfaces, patterns with features as small as 4 m have been demonstrated with high reproducibility. The channel length affects a large number of device parameters, such as drain current, gate delay, and power dissipation, and FET performance is maximized with a shorter channel length. 15 Therefore, the small feature sizes and high yield of the parylene-C masks are advantageous in the fabrication of top-contact OFETs.
In this work, we used a nanometer-scale AlO X gate dielectric deposited by ALD to achieve low-voltage operation and flexible parylene-C shadow masks to pattern gold electrodes whose distance was less than 10 m. We demonstrated high-mobility and low-voltage pentacene transistors with short channel lengths as small as 5 m.
A heavily doped n-type silicon wafer ͑Ͻ0.005 ⍀ cm͒ was used as a bottom-gate electrode. Trimethylaluminum and ozone were used as the source materials in the ALD process, where 45 ALD cycles were repeated at 350°C. After the ALD process, the wafer was immersed into an octadecylphosphonic acid ͓OPA, CH 3 ͑CH 2 ͒ 17 PO͑OH͒ 2 ͔ solution ͑3 mM in ethanol͒ to form a densely packed self-assembled monolayer ͑SAM͒ on the AlO X . Hydrophobic alkane SAMs are known to reduce interfacial trap states and to increase the crystallinity of organic semiconductor layer. The OPA SAM was characterized by contact angle and ellipsometry measurements. The water contact angle of AlO X was 9°while that of the OPA layer was 106°, due to the dense OPA SAM. The ellipsometry thicknesses of the AlO X and the OPA layers were 45.7 ͑Ϯ 0.2͒ Å and 18.7 ͑Ϯ0.4͒ Å, respectively. Test capacitors were made by a thermal evaporation of 100 nmthick gold electrodes ͑on the order of 10 −4 cm 2 ͒ on the OPA/ AlO X and AlO X samples. As shown in Fig. 1 , the maximum leakage current of the OPA/ AlO X sample was 0.47 A / cm 2 when 3 V was applied, indicative of a pinhole free dielectric film. This value is comparable to the data from previously reported high-capacitance and low-leakage gate dielectrics. 7, 8 The capacitance values of the OPA/ AlO X and AlO X samples were 488.8 ͑Ϯ4.5͒ nF/ cm 2 and 804.1 ͑Ϯ8.8͒ nF/ cm 2 , respectively.
On the prepared OPA/ AlO X / Si sample as gate dielectric and gate electrode, pentacene molecules were thermally evaporated with a substrate temperature of 60°C in a vacuum chamber. The thickness of the pentacene layer was 45 nm, measured with a quartz crystal monitor. Finally, gold source/drain electrodes ͑40 nm͒ were thermally evaporated and patterned on the pentacene layer using 10 m-thick parylene-C shadow masks. The fabrication of the parylene shadow masks was described in a previous publication.
14 The gold electrodes on the pentacene layer had channel lengths L = 5, 10, and 20 m, and the channel width to length ratio was fixed at 20. As shown in Fig. 2 , all channel lengths were clearly defined due to a good adhesion of the parylene-C mask on the pentacene layer. Sixteen transistors were tested for each channel length in the saturation regime in air. Figure 2 shows the drain current as a function of gate voltage in the pentacene OFETs with L = 5, 10, and 20 m in the saturation regime. Since the dense OPA SAM passivated the polar AlO X surface and reduced the trap states, no hysteresis was observed in the on-state drain current. The average field-effect-mobility of our devices was = 1.14 ͑Ϯ0.08͒ cm 2 / V s for all the channel lengths, and this value is two to three times higher than the previous results from oxidized aluminum 7 and plasma-enhanced ALD of AlO X on titanium. 12 The contact resistance, extracted by the transmission line method, 16 was 733 ⍀ cm, which is approximately 40% lower than the previous report with a similar device structure. 17 From the analysis of contact resistance, the limit of the channel length where the contact resistance becomes larger than the channel resistance was estimated between 1 and 2 m. This high mobility, low contact resistance, and small limit of the channel length can be explained by the defect-free and ultrasmooth OPA/ AlO X gate dielectric, whose root-mean-square surface roughness was 0.2 nm, measured by AFM, and the use of top-contact electrodes.
The device parameters from each channel length are summarized in Fig. 3 . The field-effect-mobility values had a similar distribution in each channel length while the I MAX / I MIN ratio and threshold voltage showed channel length dependence. As depicted in Fig. 2 , the I MIN significantly increased at shorter channel lengths. The magnitude of the threshold voltage in Fig. 3 gradually decreases as the channel length decreases. When the lateral electric field increases, the injection of charge carriers becomes easier between source/ drain electrodes and the channel. Therefore, as the channel length shrinks, the subthreshold current increases, and the required gate voltage to turn on the transistors decreases. With the device structure in this work, the vertical electric field was much stronger than the lateral electric field, so a large variation in the threshold voltage with different channel lengths, observed in nanometer-scale silicon MOSFETs, did not occur. In conclusion, we have demonstrated short-channel pentacene OFETs with 2.5 V operating voltage by utilizing an ultrathin gate dielectric and flexible parylene-C shadow masks. The gate dielectric was made by a reproducible ALD process, allowing 2.5 V operation so that the OFETs can be used in portable applications. Rather than using photolithography, parylene-C shadow masks were used to pattern sub-10 m channel lengths. The top-contact structure and shadow-mask process resulted in low contact resistance and high field-effect mobility. Our OFETs showed approximately 3.6 times higher field-effect mobility than previously reported short-channel and top-contact pentacene transistors fabricated by photolithography 13 and 1.4 times higher mobility than bottom-contact pentacene transistors. 18 In the near future, we aim to deposit AlO X gate dielectric made by the ALD system on patterned metal gates, 19 so each transistor is individually controlled for the realization of electronic circuits.
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